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1. S U M M A R Y
T h e  effects o f  the f looding-res is tan t  p lan t  
species Rumex palustris and  the non -f lood ing -re ­
sistant p lan t  species Rumex acetosa on nitrifica- 
tion w ere  co m p ared .  T h e  p lan ts  were  grown u n ­
der d ra in ed  and  w ate r logged  cond i t ions  on a 
mixture o f  ca lcareous  r iversand and  sieved grass­
land soil with a high po ten t ia l  nitrifying activity. 
In the shoots  of  R. acetosa, bu t  not in those of  R. 
nalustris, the  rat io  be tw een  the  am o u n ts  of  accu­
m ula ted  carboxyla tes  and  o rgan ic  n i t rogen ,  
( C - A ) / N org), a p p e a re d  to be a useful indica tor  
of am m o n iu m  or n i t ra te  co nsum ption  by the  plant,  
n bo th  p lant  species, the inorganic  n i t rogen  
source had  no observed  effect on the  ( C - A ) / N org 
ratio in the  roots.
T h e  growth of  R. acetosa, but  not tha t  o f  R.
Correspondence to: W.M.H.G. Engelaar, D epartm ent  of  Ecol­
ogy, Catholic University of Nijmegen, Toernooiveld, 6525 ED 
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palustris, was inh ib i ted  by water logging  of the 
soil. Both the  activity and  the  growth of the 
am m onium -oxid iz ing  bac te r ia  w ere  rep ressed  u n ­
d e r  d ra in ed  and  w ate r logged  condit ions  in soils 
with R. palustris, a condit ion  tha t  was a t t r ib u ted  
to a com peti t ive  am m o n iu m  up take  by its re la ­
tively fast growing roots. In the p resence  of  R. 
acetosa, the  activity and  growth o f  the a m m o ­
nium-oxidizing bac te r ia  w ere  inhibited  u n d e r  w a­
ter logged,  bu t  not u n d e r  d ra ined ,  conditions.  T h e  
growth and  activity o f  nitri te-oxidizing bac ter ia  in 
the  absence  of  actively ammonium-oxid iz ing ,  ni- 
t r i te -p roduc ing  bac te r ia  was likely due  to o rg a n ­
o troph ic  growth.
2. I N T R O D U C T I O N
In soils rich in organic  mater ia l  anaerob ic  c o n ­
ditions are  es tab l ished  by a d ec reased  oxygen 
diffusion, as a result  o f  waterlogging,  in c o m b in a ­
tion with oxygen consum ption  by p lan t  roots  and  
soil o rgan ism s [1]. U n d e r  anoxic c ircum stances
34
the  fo rm ation  of new ae ren ch y m ato u s  roots  is 
beneficial  to the  survival o f  p lan ts  rooting  in 
overwet soils [2-5]. Oxygen leakage by ae re n c h y ­
m a tous  roots  could m ain ta in  oxidized condit ions  
in the rh izosphere  [6 ], thus  enab l ing  the  c o n t in u a ­
tion of  oxygen -dep en den t  processes  such as the 
oxidation of  am m o n iu m  to n i tra te  by chem oli tho-  
t rophic  nitrifying bac ter ia .  T h e  process  of  nitrifi­
cation consists of  two sep a ra te  s teps  p e r fo rm ed  
by d if fe ren t  bac ter ia l  species [7]. In the absence  
of  ae ren ch y m ato u s  roots, nitr if ication in anoxic, 
w ate r logged  soils s tops [8 ] because  of  the  oxygen 
d ep en d en cy  o f  the am m onium -oxid iz ing  enzyme, 
am m o n iu m  mono-oxygenase.  T h e  con t inua t ion  of  
n i t r a t e  p r o d u c t i o n  in th e  r h i s o s p h e r e  o f  
ae ren ch y m ato u s  roots  could possibly be b en e f i ­
cial, since most plants,  especially calcicole species, 
p re fe r  n i t ra te  o r  a mixture of  n i t ra te  and  a m m o ­
nium as a m inera l  n i t rogen  source  [9].
T h e  re la t ionsh ip  be tw een  p lan ts  and  nitrifying 
bac te r ia  in the ir  rh izosphere  has been  investi­
ga ted  in bo th  d ra in ed  [ 1 0 , 1 1 ] and  w ater logged  
soils [11-13]. T h e  results  of  Blacquiere  [11] indi­
cate tha t  the re  is a possible s t imula t ion  of  nitrifi­
cation in wet soils by some fen species con ta in ing  
ae renchym a in the ir  roots. O n  the  o th e r  hand ,  
the p resence  of  a large a m o u n t  o f  root  b iomass 
might lead to a h igher  deg ree  o f  com peti t ion  for 
the  available N H J  be tw een  p lant  roots, het- 
e ro t roph ic  m icroorganism s being s t im ula ted  by 
root exuda tes  [14] and  nitrifiers, result ing in an 
inhibition of  the  nitrif ication (V erhagen ,  F.S.M., 
H ag em an ,  P.E.J. and  L aanbroek ,  H.J., in p r e p a ­
ration.).
T h e  aim of this s tudy was to com p are  the 
effects o f  a f looding-res is tant  p lan t  species and  a 
f looding-non-res is tan t  species on nitrif ication in 
d ra in ed  and  w ate r logged  soils. T h e  study forms 
par t  of  a project  investigating the  effects of  t r a n ­
sient floods on the  d is tr ibution,  popu la t ion  biol­
ogy and  physiological processes  of some h e rb a ­
ceous species and  the  microbial processes  in their  
rh izosphere  [16-20]. Tw o species, Rumex palus­
tris, a f looding-resis tant  species, and  Rumex ace- 
tosa , a f looding-non-res is tan t  species [17,21], were 
grown in pots  u n d e r  d ra in ed  and  w ater logged  
conditions.  P lant dry weight,  chemical com pos i­
tion of the  plants,  m inera l  n i trogen c o n c e n t r a ­
tions in the  soil, po ten t ia l  am m o n iu m  and  nitri te 
oxidation rates ,  and  most p robab le  n u m b ers  of  
chcm oli tho troph ic  nitrifying bac te r ia  were  d e t e r ­
mined.
A ccord ing  to T ro e ls t ra  [22] the  a m o u n t  o f  ac ­
cu m u la ted  carboxylates  (as the total o f  accum u- 
la ted ca t ions  minus the  total o f  accu m u la ted  a n ­
ions, C - A )  divided by the organic  n i t rogen  c o n ­
ten t  (N ) is an ind ica tor  of  am m o n iu m  or  ni­
t ra te  up take  by the plant.  C onsequen t ly ,  the 
chemical  com posit ion  of the p lan t  (accord ing  to 
T roe ls t ra )  as an in s t rum en t  by which to es t im ate  
its a m m o n iu m -n i t ra te  up take  ratio, as well as the 
nitrifying capacity  of  the soil used, were  tes ted  in 
two of  the experim ents .
3. M A T E R I A L S  A N D  M E T H O D S
T h re e  sep a ra te  sets o f  exper im en ts  with the 
following goals were pe r fo rm ed :  ( 1 ) to test the 
nitrifying capabili ty o f  the soil mixture  used; ( 2 ) 
to validate  the use of  the  C - A / N org index of 
Rumex acetosa and  Rumex palustris as an ind ica­
tor  o f  the ir  n i t ra te  consum ption ;  (3) to investigate 
the  effects of  p lan ts  on nitr if ication in d ra in ed  or  
w ate r logged  soils.
3.1. Soil used
A mixture  of  a ir-dried ,  ca lca reous  r iversand 
( p H ( H 2 0 )  =  7.7) low in organic  m a t te r  con ten t  
from R h ine  flood plains (B em m el)  and  the u p p e r  
5 cm of an extensively used  ca lcareous ,  sandy 
grass land  soil ( p H ( H : 0 )  =  7.6) from the fo re ­
lands of the river IJssel (B ru m m en ) ,  bo th  sieved 
(mesh size 2  mm), was app l ied  in all of  the 
exper im ents .  Fresh  grass land  soil was used as an 
inoculum of  nitrifying bacter ia .  Sam pling  was 
done  in O c to b e r  1987 (Exp. 1), July 1989 (Exp. 2), 
and  in F eb rua ry  1988 (Exp. 3, R. acetosa) and  
A ugus t  1988 (Exp. 3, R. palustris). T h e  grassland 
soil was not a ir-dr ied  in o rd e r  to spare  the  m ic ro ­
bial, nitrifying popu la t ion .  T h e  soil mixture  was 
m ois tened  with dem inera l ised  w a te r  to 60%  of its 
w a te rho ld ing  capacity. 2 0  g o f  polyethylene beads  
were p laced on top  of  the soil to reduce  év ap o ­
transp ira t ion .  W a te r  losses were  c o m p e n sa te d  for 
by w ate r ing  daily with dem inera l ised ,  freshly au- 
toclaved water .
#3.2. Growth conditions
All expe r im en ts  were  p e r fo rm e d  using light­
proof plastic pots  (550 ml) tha t  were  random ly  
placed in H eraeu s -V o tsch  HPS-1500 growth- 
chambers .  A day per iod  of  16 h with a pho tosyn ­
thetic p h o to n  flux density  of  190-210 /jlE  s ' 
t i l"2 and  a t e m p e ra tu re  of 25 ° C  was m ain ta ined .  
During the night the t e m p e ra tu re  was lowered to 
15 °C .  T h e  relative humidity  was kept  at 65%  
during both  the  day and  night. A ch e n es  of R. 
pcdustris and  R. acetosa were  collected  at Keker-  
domse w aard ,  a river fo re land  n ea r  N ijmegen 
(The N ethe r lands) .  They  g e rm in a te d  ( t e m p e r a ­
ture 1 5 ° / 2 5 ° C  n ig h t /d a y )  on moist filter p a p e r  
in Petri d ishes a f te r  removal o f  the per ian th .
3.3. Nitrifying capacity o f  the soil mixture
Twelve pots  w ere  filled with the soil mixture
(500 g dry weight). T h ro u g h o u t  the exper im en t  
the pots  w ere  supplied  with a modif ied  H oag land  
solution. N itrogen  was a d d e d  in the form o f  N H 4 
instead of as a mixture of N H 4 and  NCK . T he  
cation surp lus  was c o m p e n sa te d  for by S 0 4: 
ra the r  than  Cl~, as the la t te r  an ion  may inhibit 
nitrification w hen  p re sen t  in larger  quan t i t ie s  [23]. 
Fhe nu tr ien t  solution was a d d e d  exponentia l ly  
until w eek  7. F rom  tha t  t ime on the  maximal 
weekly dose was given, which a m o u n te d  pe r  pot
lo: 2.24 mmol N H 4 , 0.28 mmol H : P 0 4_ , 0.84 
mmol K " ,  0.14 mmol M g 2+, and  1.12 mmol S 0 4: _ . 
After 4 weeks 4 pots  were  analysed for soil m in ­
eral n i t rogen  concen tra t ions .  O f  the rem ain ing  8 
pots, 4 w ere  w ate r logged  with dem inera l ised ,  au- 
toclaved water .  In w eek  6 and  12, 2 d ra in ed  and  2 
water logged  pots  were  analysed. Soil extracts  were 
p rep a red  by shaking 25 ml of a 1 M KC1 solution 
and 5 g fresh soil for 2 h. N H 4 , N O :~ and  N O ^  
were m easu red  colorimetrically  as descr ibed  by 
Keeney and  Nelson [24] using a T echn icon  T raacs  
800 au toana lyse r  (Technicon ,  U.S.A.).
t4. Chemical composition o f  plants supplied with 
different N  forms
Thir ty  pots  with 500 g (dry weight)  soil mixture 
each were  divided into th ree  g roups  accord ing  to 
their source  of N: 4.2 mmol N was a d d e d  to each 
pot e i th e r  as ( N H 4)2S 0 4, N H 4N 0 3, o r  N a N 0 3.
In addit ion ,  0.85 mmol K H 2P 0 4, 0.64 mmol 
K : S 0 4, 0.36 mmol M g S 0 4 * 7 H : 0 ,  9.0 ¿¿mol F e 3 + 
as F e E D D H A ,  and  5 mg N-serve (2-chloro-6-tri-  
ch lorom ethyl-pyrid ine) ,  a nitrification inhibitor,  
[25] were  supplied  once to every pot. Contro l  pots 
w ithout  p lants  have shown N-serve to be a good 
nitrif ication inhibitor  th ro u g h o u t  the  experim ent .  
In each  of  the 10 pots  in each g roup  one  R. 
acetosa seedling or  one  R. palustris seedling was 
p lan ted ,  each seedling having two fully-developed 
leaves. A f te r  7 weeks the  p lan ts  were  harvested  
and  analysed for the ir  chemical  composit ion  ac­
cording  to T ro e ls t ra  [22]. Carboxylate  pools, m e a ­
su red  as accu m u la ted  cations m inus  accum ula ted  
anions,  and  organic  n i trogen  concen tra t ions  were 
d e te rm in e d ,  and  C - A / N org ratios were ca lcu­
lated for roots  and  shoots  separate ly .  N H |  and  
NO-^ co ncen tra t io ns  of the soil w ere  d e te rm in e d  
as in the  previous experim ent .
3.5. Nitrification in the rhizosphere o f  a flooding- 
resistant and a flooding-non-resistant plant species
O n e  seedling  of e i th e r  R. acetosa (F eb rua ry  
1988) or  R. palustris (A ugust  1988) having two 
fully deve loped  leaves was p lan ted  in each of 80 
pots  con ta in ing  480 g (dry weight)  o f  the soil 
mixture. T e n  pots  o f  each species were random ly  
se lec ted  for harvesting a f te r  3 weeks. O n e -h a l f  of 
the rem ain ing  pots  were  then  water logged.  D u r ­
ing the  exper im en t  the nu tr ien t  supply was a n a lo ­
gous to the  first exper im ent .  A f te r  5, 7, and  9 
weeks, 5 d ra in ed  and  5 w ater logged  pots  were 
random ly  se lec ted  and  sam pled  for both  species. 
T h e  following analyses were  perfo rm ed :
3.5.1. Dry weight o f  plant and soil. Roots,  shoots 
and  soil were  sep a ra ted .  T h e  roots were  first 
w ashed  in dem inera l ised  water .  T h e  shoots,  roots, 
and  10 g of  hom ogen ized  moist soil were dried 
separa te ly  for 48 h at 70 °C .
3.5.2. Chemical analysis o f  the plants. T h e  
chemical  com posit ion  of  the p lants  was d e t e r ­
m ined  according  to T roe ls t ra  [22] for R. palustris 
at all harvests  and  for R. acetosa only af ter  9 
weeks, since it had  not p ro du ced  enough  biomass 
at previous harvests.
3.5.3. Soil mineral nitrogen This  analysis was 
complete ly  ana logous  to the m e th o d  descr ibed  in 
the exper im en ts  m en t io n ed  above.
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3.5.4. Potential ammonium- and nitrite-oxidizing 
activities. N H 4 and  N 0 2 -oxidizing activities were 
m easu red  accord ing  to Belser and  Mays [26]. 
N H 4 oxidation ra tes  were  d e te rm in e d  by m e a ­
suring N O J  accum ula t ion  in 100 ml of  in cub a ­
tion m ed ium  con ta in ing  5 m M  ( N H 4 )2S 0 4, 10 
m M  N a C 1 0 3, 1 m M  P-buffer  (pH  7.5), 0.2 g 
C a C 0 3, and  40 g moist soil. N O : oxidation was 
d e te rm in e d  by m easu r ing  the dec rease  of the 
N O J  co n cen tra t io n  in 100 ml of  incubation  
m ed ium  con ta in ing  0.1 m M  N a N 0 2, 0.2 g C a C 0 3, 
20 fi\ 0 .1%  N-serve, and  40 g moist soil. T h e  
m ed ium  was shaken  in 250-ml flasks at 150 rpm 
and  25 °C .  Sam ples  o f  1 ml w ere  taken  hourly 
over a 6-h period.  N 0 2 concen tra t io n  was m e a ­
sured  using a T echn icon  T raacs  800 au toanalyser .
3.5.5. Enumeration o f  the nitrifiers. Nitrifying 
bac te r ia  in the soil were  e n u m e ra te d  using the 
Most P robab le  N u m b e r  (M P N )  techn ique  ac co rd ­
ing to De Boer  et al. [27] with some m odif ica­
tions. T h e  m ed ium  con ta in ed  p e r  litre: 500 mg 
NaCl,  40 mg M g S 0 4 • 7 H . O ,  15 mg C a C l 2, 19 mg 
K H 2P 0 4, 104 mg K 2H1P04, 1 ml S U 0  trace 
e lem en t  solution [28] lacking Se, and  330 mg 
( N H J ) 2S 0 4 or 69 mg N a N O : . T h e  P-buffer  was 
autoclaved separate ly .  T h e  p H  was ad jus ted  with 
N a O H  before  autoclaving. A dd i t ion  of  the  buffer  
to the  m ed ium  af te r  s teril ization resu l ted  in a pH  
for the  am m o n iu m  and  nitr i te  m edia  of 7 .2-7 .5  
and  7 .5-7 .9 ,  respectively. Nitrif iers w ere  coun ted  
af te r  3 m o n ths  of  incubation  at 20 ° C  [29].
3.6. Statistical analyses
D ifferences  be tw een  d ra in ed  and  w ater logged  
pots  and  the  d ifferences  be tw een  sampling  t imes 
within one  t r e a tm e n t  and  species were  analysed 
by m eans  of  the  Wilcoxon two-sample  test [30] 
p e r fo rm ed  with the  S T A T IS T IX  statistical pack ­
age for m ic rocom pute rs .  (N H  Analytical Soft­
ware,  St. Paul, MN).
4. R E S U L T S
4.1. Nitrifying capacity o f  the soil mixture
T h e  results  p re se n ted  in T ab le  1 indicate  a 
rap id  tu rnover  of  am m o n iu m  into n i t ra te  in the 
d ra ined  soil mixture  tha t  did not con ta in  plants.
Table 1
Mean ammonium and nitrate concentrations (¿¿mol g 1 dry 
soil) in the soil mixture after varying periods of incubation.
Week
number
T rea tm en t  N H ^ n o 3_ N H 4+ / N O f
4 D 0.058 4.5 0.013
6 D 0.070 10.4 0.0067
w 3.1 1.2 2.7
12 D 0.040 14.6 0.0027
w 4.4 0.82 5.4
D = drained pots; W = waterlogged pots. Waterlogging started 
at week 4. N  =  2, except for week 4, where N  = 4.
In contras t ,  am m o n iu m  was the  d o m in a n t  n i t ro ­
gen form in the  w ate r logged  pots. In the  per iod  
be tw een  weeks 4 and  12, a total o f  24.9 ¿¿mol 
N H 4 per  g dry soil was added .  In the  case of  the 
d ra in ed  pots, the  increase in soil m inera l  n i t rogen  
accoun ted  for 40%  of  the a d d e d  N; for the  w a te r ­
logged pots  this was only 3%.
4.2. Chemical composition o f  plants supplied with 
different N  forms
T h e  m inera l  n i t rogen  recoveries,  as p re se n ted  
in T ab le  2, show tha t  the  total pool o f  soil m in ­
eral n i t rogen  in pots  with R. palustris was very 
low in all t rea tm en ts .  Conversely, m inera l  n i t ro ­
gen was still a b u n d a n t  in soils with R. acetosa.
T h e  results  o f  the analyses of  p lan t  nu tr ien t  
s ta tus  are  p re se n te d  in T ab le  3. T h e re  was no 
d iffe rence  in C - A / N org in the  roots  o f  both  
species w hen  d iffe ren t  forms of  n i t rogen  were 
applied .  Conversely, the  shoots  o f  both  species 
showed a h igher  C - A / N org ratio  w hen  n i t ra te  
was p resen t  in the soil than  w hen  th e re  was only 
am m o n iu m  available. F o r  this reason  only the 
ratios of  the shoots  will be p re se n te d  in the 
following exper im ent .
4.3. Nitrification in the rhizosphere o f  a flooding- 
resistant and a flooding-non-resistant plant species
4.3.1. Growth o f  the plants. Fig. 1 shows dry 
m a t te r  accum ula t ion  in shoots  and  roots  o f  R. 
palustris and  R. acetosa u n d e r  d ra in ed  and  w a te r ­
logged conditions.  W ater logg ing  had  no negative 
effect on dry m a t te r  accum ula t ion  of  R. palustris. 
T h e  only significant d ifference  be tw een  w a te r ­
Table 2
Mean ammonium and nitrate concentrations (/xmol g 1 dry soil) in drained soil mixture supplied with e ither ammonium, nitrate or 
a mixture of both (4.2 mmol per pot), 7 weeks after potting of Rumex palustris and Ramex acetosa ( ±  1 SD) {N  = 5)
N source 
applied
R. palustris R. acetosa
N H 4 N O 7 n h 4+ NO,"
(N H 4)2S 0 4 0.32 ± 0.025 0.003 ± 0.003 3.1 ±0 .96 0.021 ±0.024
n h 4n o 3 0.28 ± 0.020 0.002 ±  0.000 0.44 ±  0.024 0.53 ±0.81
N a N 0 3 0.31 ±0 .040 0.027 ±  0.025 0.42 ±0 .10 4.34 ±2 .27
logged and  d ra in ed  p lan ts  was found to be in the 
shoot biomass,  in favour of  the  w ater logged  
plants, a f te r  7 weeks. T h ese  p lan ts  show ed typical 
characteris t ics  of  a f looding-res is tan t  species,  such 
as petiole  e longat ion  [18] and  the  fo rm ation  of 
m orpho log ica l ly  d is t inc t ive  ro o ts  c o n ta in in g  
ae renchym atous  tissue [2,4,5]. Dry m a t te r  accu ­
mulation of  R. acetosa was considerably  lower 
under  w ate r logged  condi t ions  than  u n d e r  d ra ined  
conditions for both  shoots  and  roots. By the end  
(if the exper im en t  most o f  the  leaves of the w a te r ­
logged R. acetosa plan ts  had  becom e necrotic  
and died.
4.3.2. Chemical composition o f  the shoots. W ith 
respect to R. palustris, th e re  were  no d ifferences  
n the C - A / N org rat io  be tw een  p lan ts  u n d e rg o ­
ing the  sam e t r e a tm e n t  but  sam pled  at d ifferent  
imes nor  be tw een  w ate r logged  and  d ra in ed  plants  
am pled  at the  sam e time. T h e  C - A / N oru ratio 
ranged from 0.88 to 0.95 and  from 0.87 to 0.93, 
or d ra in ed  and  w ate r logged  situations,  respec- 
ively. In week 9, R. acetosa showed a lower 
- A / N org ra t io  (0.67) for p lan ts  grown u n d e r
w ate r logged  condit ions  than  for p lan ts  grown u n ­
d e r  d ra in ed  condit ions  (0 .93-1.14).
4.3.3. Soil mineral nitrogen. In the w ater logged  
and  d ra ined  soils tha t  con ta ined  R. acetosa plants  
th e re  was an accum ula t ion  of  N H 4 and  N O f ,  
respectively (Table  4), up to 9 weeks a f te r  the 
seedlings had b een  po t ted .  A f te r  9 weeks the 
a m o u n t  of  N O T  in the  d ra in ed  soils decreased .  
A l th o u gh  the re  were  some significant d ifferences  
be tw een  the N H 4 and  N O r  con ten t  o f  the w a ­
ter logged  and  d ra in ed  soils con ta in ing  R. palus­
tris plants,  these  are  o f  no im por tance  because  of 
the  negligible am o u n ts  o f  n i t rogen  presen t .  With 
respect  to pots  con ta in ing  R. acetosa the n u m b e r  
of  soils with NO-T p resen t  was relatively high 
u n d e r  w ate r logged  conditions.
4.3.4. Potential nitrifying activities. As shown in 
Fig. 2, bo th  the po ten t ia l  am m onium -oxid iz ing  
and  the  po ten t ia l  nitri te-oxidizing activity of  soils 
with R. acetosa increased  in d ra ined  soils until 
w eek  7; they then  d ec reased  (am monium-oxidiz-  
ing) or  rem a in ed  cons tan t  (nitrite-oxidizing). Po­
tential  am m onium -oxid iz ing  activity in the water-
able 3
C oncentrations of cations minus inorganic anions and organic nitrogen and C - A / N orj, ratios for shoots and roots of R. palustris 
and R. acetosa grown on N H 4 , N0^7, or a mixture of both under  drained conditions
source
ipplied
R. palustris R. acetosa
C - A Non, C - A / N org C - A Nor*. C - A / N org
m h 4)2s o 4 s 1328 1 101 1.21 1221 2537 0.48
r 841 519 1.62 987 536 1.84
n h 4h o 3 s 1343 718 1.87 1577 1893 0.83
r 640 361 1.77 990 562 1.76
N aN O , s 1916 1214 1.58 1966 1889 1.04
r 1014 591 1.72 853 480 1.78
For each value five plants were combined into one sample. C - A  =  concentration of cations minus inorganic anions (meq kg 1 
DW); Norg =  organic nitrogen (mmol kg 1 DW); s =  shoots; r =  roots.
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Fig. I. Mean dry-matter accumulation of shoots and roots of 
R. acetosa (shaded bars, February 1988) and R. palustris (open 
bars, August 1988) under  drained and waterlogged conditions 
( +  1 SD). Waterlogging started after 3 weeks. N  = 5, except 
for week number 3, where N  =  10. * Significantly different
from its waterlogged equivalent, ( P < 0.05).
logged equivalen ts  d ec reased  a f te r  w eek  7, re su l t ­
ing in significantly lower po ten t ia l  activities. T he  
po ten t ia l  nitri te-oxidizing activity in w ate r logged  
soils with R. acetosa showed an initial increase,  
followed by a decline a f te r  w eek  9, result ing  in a 
significantly h igher  and  lower activity at week 5 
and  9, respectively. T h e  po ten t ia l  am m on ium - 
oxidizing activity in bo th  d ra in ed  and  w ater logged  
soils with R. palustris showed a decline im m ed i­
ately a f te r  t r e a tm e n t  and  then  rem a in ed  fairly 
constan t .  Because  of the sm aller  decline in the 
d ra in ed  soils, they showed a significantly h igher  
po ten t ia l  activity than  the  w ate r logged  soils
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Fig. 2. Mean potential N H 4 and NO-T oxidation rates in soils 
with either R. acetosa (shaded bars, February 1988) or R 
palustris (open bars, August 1988) under  drained and w a te r ­
logged conditions ( + 1  SD). Waterlogging started after 3 
weeks. N  = 5, except for week num ber 3, where N  = 10. 
* Significantly different from its waterlogged equivalent, ( P < 
0.05). Different letters on top of the bars indicate significant 
differences in mean between sampling times within each
trea tm ent  and each species ( P < 0.05).
t h r o u g h o u t  the  e x p e r im e n t .  T h e  p o te n t i a l  
nitr i te-oxidizing activity in bo th  d ra in ed  and  w a ­
ter logged  soils with R. palustris showed a similar 
increase  th ro u g h o u t  the  exper im ent .
4.3.5. Numbers o f  nitrifying bacteria. As shown 
by the  M ost P robab le  N u m b e rs  (M P N s)  of  nitrify­
ing bac te r ia  (Fig. 3), the  M P N  of  N H 4 - and 
NO-T -oxidizing bac te r ia  in d ra in ed  soils with R. 
acetosa increased  in w eek  7. T h e  w ater logged  
c o u n te rp a r t s  show ed an increase  in the  n u m b e r  
of  NF1J -oxidizing bac te r ia  in w eek  5 and  a de-
Table 4
Mean mineral nitrogen concentration (/xmol g 1 DW) in soils with e ither  R. acetosa or R. palustris under  drained and waterlogged 
conditions ( ±  1 SD)
Week
number
Trea tm ent R. palustris R. acetosa
N H 4 N O 3- N O J N H j N O 7 NO-r
3 D 0.04 ±  0.03 1.35 ±0 .57 1 0.17 ±0 .02 2.93 ±1 .23 5
5 D a 0.00 ±0 .00 0.02 ±0 .03 0 a 0.17 ±0 .02 a 3.54 ±0 .43 0
• W 0.15 ±0 .07 0.02 ±0.01 2 1.37 ±0.51 0.91 ±0 .47 5
7 D a 0.07 ±  0.02 a 0.06 ±  0.04 1 a 0.16 ±0 .02 a 4.00 ±  2.94 0
W 0.02 ±0.01 0.01 ±0.01 0 3.84 ±0 .93 0.22 ±0 .07 5
9 D 0.09 ±0.01 a 0.03 ±0.01 1 a 0.26 ±  0.06 0.80 ±  1.26 0
W 0.12 ±0 .03 0.02 ±  0.00 1 6.89 ±1 .68 0.30 ±  0.02 3
The experiments started in February 1988 and August 1988 for R. acetosa and R. palustris respectively. Waterlogging started at 
week 3. a Significantly different from its waterlogged equivalent (P  < 0.05). N um ber  of pots in which at least 0.01 /±mol nitrite g _l 
DW  was detected is indicated. N  = 5, except for week 3, where N  = 10. D =  drained conditions; W =  waterlogged conditions.
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Fig. 3. Mean most probable numbers of N H J -  and NO^T- 
oxidizing bacteria in soils with e ither R. acetosa (shaded bars, 
February 1988) or R. palustris (open bars, August 1988) under 
drained and waterlogged conditions ( + 1 SD). Waterlogging 
started after 3 weeks. /V = 5, except for week number 3, 
where N  = 10. * Significantly different from its waterlogged 
equivalent, ( P < 0 . 0 5 ) .  Different letters on top of the bars 
indicate significant differences in mean between sampling 
times within each treatment and each species ( P < 0.05).
cline a f te r  w eek  5. Thus ,  at week 5 th e re  is a 
significantly h igher  p robab le  n u m b e r  o f  N H J -  
oxidizers and  a f te r  w eek  5, a significantly lower 
number,  than  found  at these  t imes in the  d ra ined  
soil. T h e  M P N  of  N O J  -oxidizing bac te r ia  in w a ­
terlogged soils with R. acetosa showed only a 
small increase a f te r  weeks  7 and  9, result ing  in a 
significantly lower n u m b e r  than  found  at these  
times in the  d ra in ed  soils.
In con tras t  to this the re  was no increase in the 
nitrifying popu la t ion  in e i th e r  w ate r logged  or  in 
drained soils with R. palustris. T h e  d ifference  in 
popula t ion  sizes of  the  nitrifiers at the  s tar t  o f  the 
experiments  with e i th e r  R. acetosa or  R. palustris 
was probably  due  to the fact tha t  soil was col­
lected in F eb rua ry  and  July for the exper im en ts  
with R. acetosa and  R. palustris, respectively. T he  
numbers  of  nitrifying bac te r ia  in the  field f luc tu­
ate th ro u g h o u t  the  year  [29].
5. D IS C U S S IO N
The  soil mixture  used had  a nitrifying po ten t ia l  
high eno ug h  to show high nitr if ication ra tes  u n ­
der d ra in ed  conditions.  W ater logg ing  in the  a b ­
sence of  p lan ts  had  an inhibitory effect on nitrifi­
ca t ion (Tab le  1). M inera l  n i t rogen  losses may 
partially be due  to immobilisat ion in b iomass of  
m icroorgan ism s and  algae ( the  la t te r  one  p a r t ic u ­
larly in the  w ate r layer  o f  the  w ate r logged  pots), 
o r  they may result  from n i t ra te  reduc t ion  in both  
d ra in ed  and  w ate r logged  soils, yielding gaseous 
n i t rogen  com pounds .  In the  case of  the w a te r ­
logged pots  the  n i tra te ,  necessary for this process,  
can be fo rm ed  in the  soil-water boundary ,  and  
may be red u ced  again a f te r  diffusion into the 
anoxic soil.
In con tras t  to the  observations  of T roe ls t ra  
[22] and  o u r  results  for R. acetosa, R. palustris did 
not show an increasing C - A / N or rat io  w hen  the 
por t ion  of  n i t ra te  in the  nu tr i t ion  solution was 
increased ,  a l though  rat ios w ere  h igher  w hen  ni­
t ra te  was supp l ied  to the  soil. In addit ion ,  all of 
the  ratios for R. palustris were  g re a te r  than  1, in 
con trad ic t ion  to T ro e l s t r a ’s theory  [22] which 
s ta tes  tha t  only the ratios of  p lan ts  supplied  with 
n i t ra te  can exceed 1. This  condit ion  was probably  
caused  by a n i t rogen  deficiency. As shown in 
T ab le  2, the m inera l  n i t rogen  concen tra t io n  in 
soils with R. palustris was very low by the  end  of 
the  exper im ent;  in soils with R. acetosa, however, 
m inera l  n i t rogen  was still available. T ab le  3 clearly 
d e m o n s t ra te s  tha t  the high C - A / N  ratios for 
R. palustris or ig ina ted  from a low organic  n i t ro ­
gen co n ten t  r a th e r  than  from a large carboxylate 
pool ( C - A ) .  This  also holds t rue  to a lesser 
extent  for the  results  of  R. palustris in section
4.3.2. A t  the  end  of  the exper im en t  the  N 
co n ten t  (mmol k g -1 D W ) was 1334 and  1100 for 
d ra in ed  and  w ate r logged  pots, respectively. T he  
d iffe rences  be tw een  the results  of  section 4.3.2. 
and  those p re se n te d  in Tab le  3 are  probably  due  
to the  lower total a m o u n t  o f  n i t rogen  given to the 
p lants  o f  which the results  are p re se n te d  in Table  
3, result ing in an even g re a te r  n i t rogen  def i­
ciency. T h e  conclusion tha t  the  ( C - A ) / N  ratio
org.
can be cons ide red  to be a m easu re  of  am m o n iu m  
or n i t ra te  up take  by the  p lan t  seem s to be jus t i ­
fied only for shoots  o f  R. acetosa.
Nitrif ication was inhibited  in w ater logged  soils 
with R. acetosa as well as in bo th  d ra in ed  and  
w ate r logged  soils with R. palustris. In soils with 
R. palustris, water logging  was not the  most likely
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cause  of this inhibition. This  conclusion is s u p ­
p o r te d  by the  fact th a t  the activity and  size o f  the 
am m onium -oxid iz ing  popu la t ion  d ec reased  u n d e r  
both  w ate r logged  and  d ra in ed  cond i t ions  (Figs. 2, 
3). F u r th e rm o re ,  with R. palustris the a m o u n t  of  
n i t rogen  was limited in the  soil u n d e r  bo th  c o n d i ­
tions, w h e re a s  in pots  with R. acetosa nitrogen  
was still available in both  t rea tm en ts ,  and  N H 4f 
becam e  the p re d o m in a n t  m inera l  n i t rogen  form 
in the  w ate r logged  soils (Table  4). At the  same 
time, the C - A / N  rat io  of  the  shoots  o f  R. 
acetosa in w ate r logged  soils d ec rea sed  co n s id e r ­
ably, indicating tha t  the re  was a shift from N O f  
up take  to N H j  up take  by the  plants.  This  o b s e r ­
vation com bined  with the  fact tha t  for R. acetosa 
nitrif ication inhibition only occurred  in w a te r ­
logged soils m akes  it p lausible  to conclude  tha t  in 
these  pots  nitr if ication inhibit ion is caused  by 
anoxia r a th e r  than  by an am m o n iu m  deficiency. 
This  conclusion is s t r e n g th e n e d  by the  f inding of 
nitr i te  in the  w ate r logged  pots, since nitr i te  is a 
n i t rogen  co m p o u n d  tha t  is known to accum ula te  
in soils u n d e r  anoxic condit ions  [31]. In contras t ,  
am m o n iu m  deficiency is m ore  likely to be the 
cause  of  nitrification inhibit ion in pots  with R. 
palustris. T h e  d ifference  be tw een  R. palustris and  
R. acetosa is the  consequence  of  a h igher  biomass 
p roduc t ion  of  R. palustris (Fig. 1). A  negative 
corre la t ion  was found  be tw een  the root b iomass 
of  R. palustris and  po ten t ia l  am m o n iu m  oxidation 
activity, bo th  u n d e r  d ra ined  and  w ate r logged  c o n ­
ditions. T h e  corre la t ion  eq ua t ions  are y =  
- 1 . 7 1  log j c +  15.73, r =  —0.47, (Z><0.02)  and  
y =  - 3 . 1 2  log x  +  11.74, r =  - 0 . 5 9 ,  (P  <  0.005), 
respectively; y being poten t ia l  am m on iu m  ox ida­
tion activity and  x  being root biomass. This  n e g a ­
tive influence may be directly due  to the  plant: 
am m o n iu m  up take  or oxygen consum ption  by root 
respira t ion .  However,  root resp ira t ion  seem s to 
be an unlikelv cause  for the inhibition because  R. 
palustris is known to show a net  oxygen diffusion 
from its roots  to the  soil u n d e r  w ate r logged  c o n ­
dit ions [32].
T h e  negative effects of  p lan t  roots  on the 
po ten t ia l  am m onium -oxid iz ing  activities might 
also be caused  indirectly by in troduc ing  organic  
ca rbon  as soluble root exuda tes  into the  soil, thus 
p rom ot ing  the  growth of  ch em o -o rg an o tro p h ic
m icroorgan ism s [14]. A m m o n iu m  oxidizers have 
b ee n  shown to be w ea k e r  co m pe t i to rs  for a m m o ­
n iu m  t h a n  o r g a n o t r o p h i c  m i c r o o r g a n i s m s  
(V erh ag en ,  F.J.M. and  L aanb roek ,  H.J., in p r e p a ­
ration; V e rh ag en ,  F .J .M . , Duyts, H. and  L a a n ­
broek ,  H.J.,  in p re p a ra t io n )  and  the roots  of 
h igher  p lan ts  w hen  N is limited. No growth inhi­
bition of  the p lant  b iom ass  seem ed  to occur  in 
the first p a r t  o f  the  exp e r im en t  (Fig. 1), w here  an 
inhibit ion of am m o n iu m  oxidation  had a lready 
taken  place. T h e re fo re ,  wc cons ide r  R. palustris 
to be a b e t te r  c o m p e t i to r  for limiting a m o u n ts  of 
am m o n iu m  than  the am m onium -oxid iz ing  p o p u ­
lations. A  co rre la t ion  be tw een  the root  b iomass 
of  R. acetosa and  po ten t ia l  am m onium -oxid iz ing  
activity was not found.  This  excludes influences 
on nitr if ication by the p lan t  u n d e r  d ra in ed  or 
w ate r logged  conditions.
In con tras t  to the  am m o n iu m  oxidizers, the 
po ten t ia l  nitr i te-oxidizing activity was s t im ula ted  
a f te r  w ate r logg ing  o f  soils with R. palustris (Fig. 
2). This  uncoupl ing  of  the am m o n iu m  and  nitr i te  
oxidation can be exp la ined  by several m e c h a ­
nisms [35]. In o u r  case, an aerob ic  or  anae rob ic  
o rg an o t ro p h ic  m etabo l ism  of  Nitrobacter strains 
seem s to be the  most likely one. In con t ra s t  to the 
am m onium -oxid iz ing  species, som e species of  the 
genus  Nitrobacter are  also able to grow organ- 
otrophically.  Some species of  this genus  can even 
grow anaerobical ly  by n i t ra te  reduc t ion .  T h e  s u p ­
ply of  ca rbon  by p lan t  roots  is su p p o r te d  by a 
positive co r re la t ion  o f  the po ten t ia l  n i tr i te  ox ida­
tion ra te  with root b iom ass  of  R. palustris u n d e r  
d ra in ed  and  w ate r logged  condit ions.  T h e  co r re la ­
tion eq u a t ions  are  y  =  2.22 x  +  16.56, r =  0.90, 
( P <  0.0001) and  y =  3.15 x  +  14.69, r =  0.86, (P  
< 0 .0 0 0 1 )  respectively; y being po ten t ia l  nitri te 
oxidation and  a* being root biomass.
T h e  M P N s of nitr i te-oxidizing bac te r ia  f luc tu­
a ted  considerably  (Fig. 3) and  did not corre la te  
with the  po ten t ia l  oxidation  activity; n e i th e r  did 
the M P N s and  po ten t ia l  oxidation ra tes  of  the 
am m o n iu m  oxidizers. N u m b ers  of  bac te r ia  on the 
one  hand  and  the ir  activity on the  o th e r  h an d  are 
appa ren t ly  two sep a ra te  p a ra m e te r s  o f  a p o p u la ­
tion tha t  are  in f luenced  in d if fe ren t  ways by the 
env ironm en t  o r  exper im en ta l  condit ions ,  and  
th e re fo re  do not necessarily co r re la te  [33].
#41
In conclusion, it appears that any possible, 
positive effect of radial oxygen loss by R. palustris 
on nitrification in waterlogged soils was overshad­
owed by the N deficiency of the soil. Therefore, 
timulation of nitrification in waterlogged soils by 
plants with aerenchymatous roots can only be 
xpected when sufficient NH^j is present. In the 
se of R. acetosa, nitrogen did not become limit­
in g ,  but nitrification was inhibited by waterlog­
ging.
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